Renal artery stenosis is a well-known cause of postsponse to revascularization.
dysfunction [1, 2] . The incidence ranges from 1 to 12% stenting are relatively noninvasive approaches to treat postdepending on the definition of significant stenosis and transplant renal artery stenosis. However, the real impact of on the indications for arteriography [3] . Arteriography this procedure on renal function recovery has never been quantitated precisely to date. is the definitive diagnostic method, but new noninvasive Methods. In eight consecutive renal transplant patients with procedures such as Doppler ultrasonography may be renal graft artery stenosis, blood pressure, body weight, and useful for screening of the disease [4] . anatomical, functional, and Doppler ultrasound parameters For many years, surgical correction has been the only were evaluated before and one month after renal artery translutreatment option for transplant renal artery stenosis, with minal angioplasty and stenting. On both occasions, glomerular filtration rate and renal plasma flow were evaluated by inulin reported correction rates ranging from 63 to 92% [5] . and paraaminohippuric acid renal clearances, and glomerular The procedure, however, carries a significant risk of graft size-selective function was evaluated by the fractional clearloss, uretheral injury, reoperation, and mortality. On the ances of neutral dextran macromolecules.
other hand, medical management may allow control of Results. The correction of renal artery stenosis, by normalizarterial hypertension but fails to restore kidney perfuing renal vascular resistances, fully restored kidney perfusion and decreased arterial blood pressure, relieved water and sodium sion. In the last few years, percutaneous transluminal retention, restored an almost laminar arterial blood flow, and revascularization has gained large popularity as a relanormalized vascular shear stress without appreciable effects on tively noninvasive approach to improve both blood presglomerular barrier size-selective function and proteinuria. Presure control and kidney perfusion. The procedure may angioplasty and postangioplasty renal resistive indices and peak systolic blood velocity estimated by Doppler ultrasounds were be successful in up to 76% of cases, but its effectiveness significantly correlated with the effective renal plasma flow and is strongly dependent on center experience and on the the blood velocity calculated at the site of stenosis. All patients type of lesion [5] . Moreover, despite immediate success, were discharged without sequelae one or two days after angio-5 to 30% of treated renal artery stenoses show restenosis plasty. six to eight months after the procedure, which may re-Conclusions. Percutaneous transluminal angioplasty and stenting are safe and effective procedures to normalize the quire the use of endoprostheses, namely stents, as an functional changes sustained by hemodynamically significant adjunctive therapy to angioplasty [6, 7] . Regardless of artery stenosis after renal transplantation. Doppler ultrasound the adopted procedure, however, the real impact of rescanning is a reliable and reproducible technique to monitor perfusion on renal function recovery has not been quanthe renal functional response to vascular reperfusion. titated precisely to date.
Actually, in addition to a decreased systemic blood pressure, the relief of renal artery stenosis is assumed to decrease prerenal resistance and to restore kidney perfusion. It is conceivable that the consequent increase filtration rate (GFR), thereby making it possible for the and the glomerular barrier size selectivity was assessed by the fractional clearances of neutral dextran test mole-filtered protein load to increase without an accompanying change in filtration barrier charge or size selectiv-cules (Methods section). Then a selective renal artery angiography was performed. One additional patient with ity. To distinguish these possibilities, we studied patients with renal artery stenosis before and after angioplasty severe (Leriche class III-IV) peripheral artery disease was studied during an angiographic evaluation of both and stenting, and compared the urinary protein excretion to the clearance of a broad-size distribution of neutral iliac and femoral arteries, despite no echo-Doppler evidence of renal artery stenosis. dextrans. Because the test dextran preparation was uncharged and because dextran was excreted solely by glo-Angioplasty and stent deployment merular filtration and neither secreted into nor reabsorbed from the tubule lumen [10, 11], any changes in A transluminal angioplasty combined to a stent deployment was performed whenever a Ͼ50% renal artery its urinary clearance relative to that of freely permeable inulin should reflect the alterations in the size-selective stenosis-that is, a stenosis considered hemodynamically relevant [7, 12]-was detected. The degree of stenosis properties of the glomerular filter uniquely. Thus, the present study was primarily aimed at comparing renal was measured before and immediately after the procedure by use of a millimetric ruler. The percentage of hemodynamics and glomerular size-selective function before and after angioplasty by ad hoc renal clearance stenosis (S%) was determined using this formula: protocols. Moreover, the measured changes in renal angioplasty balloon used. After stent deployment, an intrastent angioplasty was performed when the diameter Azienda Ospedaliera of Bergamo, because of suspected renal artery stenosis were asked to enter the study. Only within the stent was less than the reference diameter of the artery. The selective renal artery angiography was those providing written informed consent according to the declaration of Helsinki were selected for study partic-repeated immediately after the completion of the procedure to verify and quantitate the achieved dilation of the ipation. All selected cases were referred to the Clinical Research Center for Rare Diseases "Aldo & Cele Daccò " stenotic tract. The procedure was considered successful when residual stenosis was 0%. A 24-hour heparinization Villa Camozzi, Ranica, where an ultrasound evaluation was carried out with an Ultramark 9 HDI device (Ad-and antiplatelet treatment (aspirin 100 mg/day) was given to all patients. The patients were discharged one vanced Technology Laboratories, Bothell, WA, USA), employing a 7-4 MHz convex probe. Color flow Doppler to two days after the procedure. was performed according to a predefined diagnostic pro-Follow-up tocol aimed to detect blood flow turbulences and increased peak systolic velocity in the renal graft artery, A second ultrasound evaluation was repeated one month later to verify and quantitate the changes in peak and to quantitate intrarenal vascular resistance by calculating the resistive index (RI) using this formula: systolic velocities and intrarenal resistive indices as compared with baseline. On the same occasion, the renal RI ϭ (PSF Ϫ LDF)/PSF (Eq. 1) clearances were repeated according to the same protocol described for baseline evaluations (see next section). where PSF is the peak systolic frequency shift and LDF is the lowest diastolic frequency shift. At least three
The primary clinical and laboratory parameters-including systolic, diastolic, and mean arterial blood pressure, different measures were performed on each graft. In all patients with clinical and instrumental (Doppler) suspi-body weight, serum creatinine and creatinine clearance, 24-hour urine protein excretion rate, routine hemato-cion of a hemodynamically significant renal graft artery stenosis, GFR and RPF were measured by inulin and chemistry, and immunosuppressive and antihypertensive therapy-were recorded at each of the two clearance para-aminohippuric acid (PAH) clearances, respectively, study time points. Any serious or nonserious adverse rameters are given in the Appendix. Separation of graded-size dextran molecules and inulin in plasma and event was carefully monitored up to resolution and was recorded in the patient case record form. urine samples was performed by gel permeation chromatography on a Sephacryl S-300 column (1.6 ϫ 95 cm), Functional studies as previously described [14, 15] . Column calibration was performed using dextran standards of known molecular All patients underwent solute clearance studies shortly after Doppler ultrasound evaluation and one month after weight (Pharmacosmos, Viby Sj., Denmark). The molecular radius of individual dextran fractions the renal artery angiography and transluminal angioplasty. The time lag between angioplasty and the clear-was calculated according to direct measurements of dextran standards as reported by Oliver et al, which relate ance studies was aimed at eliminating any potential and transient confounding effect of radiocontrast toxicity on to effective molecular radii and mean molecular weight of these macromolecules [17] . Dextran and inulin con-the renal function parameters. Exactly the same procedure was used for each patient in all functional evalua-centrations were assayed in eluted fractions using colorimetric methods as previously described [14, 15, 18] . The tions. After overnight fasting, on the morning of the clearance studies, patients were admitted to a Metabolic urine-to-plasma concentration ratio for inulin was calculated from inulin concentrations in eluted fractions. The Ward and submitted a 24-hour urine collection for the evaluation of creatinine clearance and urinary urea, so-fractional clearance of dextran macromolecules was then computed as follows: dium, and total protein excretion. They were given their usual immunosuppressive therapy except for cyclospo-D ϭ (U/P) D /(U/P) IN (Eq. 3) rine, which was administered only after completion of the clearance studies in order to avoid the confounding where (U/P) D and (U/P) IN are the urine-to-plasma concentration ratios of dextran and inulin, respectively. effect of acute cyclosporine-induced changes in renal hemodynamics [13] . Antihypertensive therapy and di-Other laboratory measurements were performed using uretics were withdrawn until the end of the study, and routine laboratory techniques. only sublingual nifedipine was allowed in selected cases Statistical analysis to control severe or symptomatic hypertension throughout the clearance studies. A constant diuresis was in-Data were expressed as mean Ϯ SD or median and duced by oral water loading. As soon as a steady-state range as specified. Statistical analysis was performed usdiuresis was achieved, inulin, PAH, and neutral dextran ing the analysis of variance (ANOVA), and specific comclearances were performed, as described in detail preparisons between different group means were performed viously (in one patient with previous history of allergy, using the two-tailed Student t test for paired data. Correneutral dextrans were not injected) [14, 15] . Briefly, lation analyses were done using Pearson r coefficients. primed infusion of inulin and PAH was immediately Statistical analysis was performed using the software followed by a slow intravenous administration (about 15 package Statwiew (Abacus Concepts Inc., Berkeley, CA, min) of Dextran-40 (130 mg/kg, Rheomacrodex; Phar-USA). The statistical significance level was defined as macia, Uppsala, Sweden). A sustained infusion of inulin P Ͻ 0.05. and PAH was continued throughout the study to maintain constant plasma concentrations. After an equilibra-RESULTS tion period of approximately 60 minutes, three exactly Eight consecutive renal transplant patients (6 men and timed urine collections of 30 minutes each were made 2 women) referred to the Clinical Research Center from by spontaneous voiding. Blood samples were collected October 1994 to October 1999 completed the study. They at the beginning and the end of each clearance period.
were 37 (range of 20 to 61) years old and had received a Urine and plasma samples obtained during the first clearcadaveric kidney graft a mean of 26 (range of 3 to 94) ance period were used to determine fractional clearance months before. They were on chronic, oral immunosupof dextran molecules of graded size (effective molecular pressive therapy with a mean dose of cyclosporine A radius ranging from 26 to 66 Å ). microemulsion (Sandimmun Neoral) of 3.9 (range of 1.9 Analytical methods to 6.7) mg/kg/day and prednisone (5 to 12 mg/day). Four patients also were receiving mofetil micophenolate (1 or Inulin and PAH concentrations in plasma and urine 2 g/day) and four azathioprine (50 to 200 mg/day). All samples were determined using previously described patients were on chronic antihypertensive therapy with methods [14, 15] . GFR was calculated as the average one drug (N ϭ 2), two drugs (N ϭ 2), two drugs plus a inulin clearance. Effective RPF (ERPF) was calculated diuretic (N ϭ 3), or three drugs (N ϭ 1). Seven patients from the average PAH clearance, assuming, as reported were on atenolol (50 to 100 mg/day) and five on nifedipreviously [16], a renal extraction coefficient for PAH of 0.9. Methods for calculating the other functional pa-pine (30 to 60 mg/day). No patient was receiving angio- ceptor antagonists. The main clinical and laboratory parameters at study entry are summarized in Tables 1  and 2 .
Renal artery stenosis presented with newly onset or one patient (of note, the one with the highest prestenting worsening hypertension in all patients combined to invalues), and the peak systolic velocity did not change creasing serum creatinine concentration in six cases. At in another one. Thus, after the procedure, all patients study entry, color-flow Doppler ultrasonography showed showed a change in at least one of the Doppler ultradecreased resistive indices and increased peak systolic sound parameters considered. artery velocities ( Table 2 ). All patients had depressed These echographic changes most likely reflected the GFR and ERPF and increased renal vascular resistances significant increase in ERPF and the parallel decrease and filtration fraction ( Table 2 ). The selective renal arin RVR that were uniformly observed in all functional tery angiography detected a stenosis at the anastomotic studies after the procedure ( Table 2 
and Figs. 3 and 4). site in seven patients, whereas a postanastomotic stenosis
This interpretation is consistent with findings of a sigwas seen in one patient. The degree of stenosis ranged nificant negative correlation between resistive indices from 55 to 90%, and the residual cross-sectional area, and ERPF (r ϭ 0.54, P ϭ 0.03) and between peak systolic calculated at the stenotic site, ranged from 1.2 to 7.0 mm 2 blood velocity and effective blood velocity calculated at (Table 2) . the site of stenosis or stenting (r ϭ 0.77, P ϭ 0.0005). Standard balloon angioplasty was performed before Improved kidney perfusion was sustained by a remarkstent deployment in all patients. The procedure was a able and highly significant increase in the artery crosstechnical success with no residual stenosis in all patients. sectional surface area (Table 3 ). Mean wall shear stress Representative angiograms taken from two patients beand mean Reynolds' number, calculated at the site of fore (left panel) and after (right panel) stenting are renal artery stenosis, were remarkably elevated above shown in Figure 1 . In the study group as a whole, correcnormal values in all patients. After stent deployment, tion of the stenosis was associated with a significant reboth indices decreased within the normal ranges in the duction in systolic (but not in mean or diastolic) blood study group as a whole and in each individual patient pressure (Table 1) , despite the concomitant reduction in ( Table 2 and Fig. 5 ). However, despite a full correction the number and dose of antihypertensive drugs in five of the stenosis, GFR did not change significantly after the patients. After the procedure, the number of patients on procedure (Fig. 3) . This, in parallel with the remarkable one antihypertensive drug (including a diuretic in one increase in ERPF, accounted for a significant decrease case) increased from two to five. Two patients were still in filtration faction ( Fig. 4) . Of note, prestenting and on two drugs and one patient on three drugs. The number poststenting filtration fraction and ERPF were negaof patients on atenolol decreased from seven to four tively correlated (r ϭ 0.79, P ϭ 0.0003). Serum creatinine (unchanged doses), and of those on nifedipine from five concentration and creatinine clearance did not change to four (halved doses in 2 cases). Only one patient (the significantly ( Table 3 ). Sodium and free-water clearances one on 3 drugs) remained on the same prestenting antiincreased, albeit nonsignificantly, after stent deployment hypertensive therapy. Also, the body weight significantly ( Table 3) . decreased by approximately 2.5 kg (Table 1) 
in parallel
On the other hand, the prestenting and poststenting with a trend to higher sodium and free water clearances 24-hour urinary protein excretion rates (Table 3 ) and neu-( Table 3) .
tral dextran sieving profiles (Fig. 6) were almost identical. As expected, after the procedure, the mean intraparen-Finally, the procedure was well tolerated, and no pachymal-resistive indices increased in parallel with a sigtient experienced serious complications (including traunificant reduction in mean peak renal artery systolic vematic lesions, bleeding, or thrombosis) or recurrence of the stenosis over a mean follow-up of 25 (5 to 62) months. locities ( Table 2 and Fig. 2) . The RI did not increase in dynamics before and after intraluminal correction of a functionally significant artery stenosis. Results show that angioplasty and stent deployment effectively and safely corrected hemodynamically significant stenoses and All patients were discharged without sequelae within ameliorated kidney perfusion, besides improving blood two days after the interventional procedure. pressure control. Moreover, the renal hemodynamic re-At one year, systolic blood pressure was 132 Ϯ 15 sponse to reperfusion could be reliably monitored by mm Hg (P Ͻ 0.05 vs. preangioplasty and stenting values).
Doppler ultrasound scanning. Diastolic blood pressure was 89 Ϯ 12 mm Hg, and serum Diagnosis of hemodynamically significant renal artery creatinine concentration was 1.7 Ϯ 0.7 mg/dL (P ϭ NS, stenosis rests on a radiological demonstration of Ն50% vs. one-month parameters). Over a median (range) folreduction in renal artery diameter [7, 12]. The rationale low-up of 32 (12 to 70) months, blood pressure and serum for this assumption is derived from experimental evicreatinine were stable, and no change in antihypertensive dence that the stenosis needs to occlude at least 50% of therapy was introduced in any of the patients except the lumen before renal blood flow and perfusion pressure one. This patient was admitted on November 2000 (exstart to decrease and systemic blood pressure to increase actly one year after angioplasty and stenting) because [12] . Thus, the finding that a radiologically documented of increasing arterial blood pressure and worsening renal Ն50% renal artery stenosis in all of our patients was function. A selective renal artery angiography detected associated with remarkably increased renal vascular rea restenosis at the site of stent deployment, inducing a sistances and decreased ERPF provides direct evidence, to our knowledge for the first time, that this assumption Ͼ50% reduction in the vascular cross-sectional area. The substantial reduction of ERPF. A high filtration fraction also can be properly extended to humans. Of note, all might in turn depend on a relative increase in postglopatients were cured by the angioplasty combined with merular resistance that would maintain glomerular filstent deployment with no residual stenosis after the protration, as suggested by studies in experimental models cedure. The findings that the intervention decreased re- [10, 19, 20] . Actually, while in humans, direct measurenal vascular resistances and restored kidney perfusion ments of intracapillary pressure are not feasible, rat data despite a slight concomitant decrease in arterial blood are available showing that renal artery stenosis is folpressure provides additional indirect evidence of the helowed by a postglomerular vasoconstriction, which mainmodynamic relevance of the stenosis.
tains the intracapillary pressure despite the decreased Before angioplasty, depressed ERPF was associated renal perfusion pressure [10, 19, 20] . Of interest, restorwith less-depressed GFR and increased filtration fracing kidney perfusion relieves postglomerular vasocontion. Conceivably, GFR was relatively maintained by the remarkable increase in filtration fraction facing a striction, which leads to a decrease of filtration fraction apply to our patient population is suggested by our patients' remarkable weight loss and by the trend to into normal ranges [10, 19, 20] . Thus, the finding that recreased sodium and free water clearances observed one storing kidney perfusion was associated with a decreased month after transluminal angioplasty and stenting. Colfiltration fraction in our patients indicated, albeit indilectively, these data indicate that the trend to a blood rectly, that after angioplasty and stenting the GFR was pressure reduction in our patients was at least in part less dependent on postglomerular vasoconstriction. This dependent on the relief of sodium and water retention interpretation is consistent with the finding that the presustained by kidney hypoperfusion. stenting and poststenting filtration fraction and ERPF To evaluate the effect of kidney reperfusion on glowere negatively correlated. merular size-selective function, we compared the clear-In animals, resolution of one-kidney, one-clip renoances of neutral dextrans of a broad-size distribution vascular hypertension has been associated with prompt diuresis and natriuresis [21, 22] . That this might possibly relative to those of free-permeable inulin measured be-mean wall-shear stress dramatically exceeded (by more than one order of magnitude) physiological values that range between 10 and 30 dynes/cm 2 [33] . Blood flow turbulence and elevated shear stress are recognized as determinants of endothelial dysfunction and progressive vascular injury, and have been implicated in thrombotic vascular occlusion in atherosclerotic disease [33, 34] . Thus, because of the remarkable increase in secondary flows and turbulence, and the elevation of wall shear stress found at the renal artery stenosis site, it could be inferred that, if untreated, these patients would be at risk for renal artery thrombosis that would eventually lead to graft loss. Of note, angioplasty and stent deployment allowed the achievement of an important reduction of Reynolds' number (570 to 1240) and lowered mean wall shear stress values to within the normal range in all individual patients (values ranging from 13 to 34 dynes/cm 2 ). Finally, we observed that renal artery stenosis was accompanied by a remarkable increase in peak blood flow velocities and decreased resistive indices recorded and parenchyma, respectively. Both parameters fully normalized in parallel with the relief of the stenosis. Of note, the findings that changes in peak systolic velocities were negatively correlated with ERPF, but were posifore and after angioplasty and stenting. Indeed, both tively correlated to a highly significant extent with the in experimental [23-25] and human [26-29] proteinuric actual flow velocity at the stenosis site, strongly suggested nephropathies, maneuvers-such as colloid volume exthat this echographic parameter is a reliable indicator of pansion or fluid immersion-that increase glomerular stenosis severity. Even more interesting, parenchymalperfusion induce an increase in proteinuria accompanied resistive indices, which currently are taken to reflect by an emergence of larger pores ("the shunt pathway") overall intrarenal resistances, were uniformly decreased and decreased glomerular barrier size selectivity [29, 30] .
in all of our cases of post-transplant renal artery stenosis. In normal individuals, however, the opening of larger Most likely this would depend on an intrarenal vasodilapores is not accompanied by an increase in neutral dextion finalized to maintain kidney perfusion despite a tran ultrafiltration and proteinuria, since the effects of poststenotic drop in arterial pressure. This assumption a reduced glomerular barrier size selectivity sustained is in harmony with findings of a negative correlation by the augmented shunt pathway are nullified by the between the changes in intrarenal-resistive indices and tendency for high plasma flows to decrease fractional the extent of artery stenosis or peak systolic velocities. clearances [31] . Of interest, the comparable neutral dex-Taken together, these data suggest that Doppler ultratran sieving profiles observed in our patients before and sound scanning is a useful, reliable, and noninvasive tool after angioplasty and stenting most likely reflected the to monitor the renal functional response to artery revasopposite effects of decreased intrinsic glomerular barrier cularization. selectivity and increased glomerular perfusion rate pre-In conclusion, renal graft artery stenosis is effectively viously observed in healthy individuals [31] . The finding and safely corrected by transluminal renal artery angiothat net macromolecules ultrafiltration and urinary proplasty and stent deployment. Correcting the renal artery tein excretion were not substantially affected by angiostenosis improved blood pressure control, fully restored plasty suggest that the maneuver does not increase protein traffic and tubular protein overload and, therefore, kidney perfusion, relieved the reflex postglomerular vasoconstriction, and normalized blood flow and vascular should not have a long-term detrimental effect on kidney graft function [32] .
shear stress without inducing appreciable and potentially detrimental acute increases in intracapillary pressure An additional interesting finding of the present study was that at the site of the stenosis, the blood flow was and/or glomerular barrier permeability. Doppler ultrasound scanning is a reliable and reproducible technique importantly disturbed and almost turbulent, as suggested by the high Reynolds' number calculated for each patient to monitor the renal functional response to revascularization. (1260 to 2405; Fig. 5 ). At the same time, the calculated
